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While few studies have improved our understanding of composition and organization of 
elastic fibres in the inter-lamellar matrix (ILM), its clinical relevance is not fully understood. 
Moreover, no studies have measured the direct tensile and shear failure and viscoelastic 
properties of the ILM. Therefore, the aim of this study was, for the first time, to measure the 
viscoelastic and failure properties of the ILM in both the tension and shear directions of 
loading. Using an ovine model, isolated ILM samples were stretched to 40% of their initial 




 (medium) and 10%s
-1
 (fast) and a ramp 
test to failure was performed at a strain rate of 10%s
-1
. The findings from this study identified 
that the stiffness of the ILM was significantly larger at faster strain rates, and energy 
absorption significantly smaller, compared to slower strain rates, and the viscoelastic and 
failure properties were not significantly different under tension and shear loading. We found 
a strain rate dependent response of the ILM during dynamic loading, particularly at the fastest 
rate. The ILM demonstrated a significantly higher capability for energy absorption at slow 
strain rates compared to medium and fast strain rates. A significant increase in modulus was 
found in both loading directions and all strain rates, having a trend of larger modulus in 
tension and at faster strain rates. The finding of no significant difference in failure properties 
in both loading directions, was consistent with our previous ultra-structural studies that 
revealed a well-organized (±45°) elastic fibre orientation in the ILM. The results from this 
study can be used to develop and validate finite element models of the AF at the tissue scale, 
as well as providing new strategies for fabricating tissue engineered scaffolds.   
Statement of significance 
 
While few studies have improved our understanding of composition and organization of 




measured the direct mechanical failure and viscoelastic properties of the ILM. The findings 
from this study identified that the stiffness of the ILM was significantly larger at faster strain 
rates, and energy absorption significantly smaller, compared to slower strain rates. The 
failure properties of the ILM were not significantly different under tension and shear. 
Keywords: 
Inter-lamellar matrix, Annulus fibrosus, viscoelastic property, failure property, material 
property, tension, shear 
 
1.  Introduction 
With a unique hierarchical structure, the annulus fibrosus (AF) of the intervertebral disc is 
comprised of annular lamellae with alternating orientation of collagen fibres embedded in a 
proteoglycan-rich ground matrix [1]. The inter-lamellar matrix (ILM), with a thickness of 
approximately 20 µm, lies between lamellae and consists of collagen type IV, cells, several 
glycoproteins and matrix; however, elastic fibres were recognized as its main component [2-
6]. Microstructural studies of the ILM  revealed higher elastic fibre density relative to the 
intra-lamellar region [7-10], while further insight into ILM elastic fibre ultrastructure 
identified a dense and complex network of thick (diameter of 1-2 µm) and thin (0.1 µm 
diameter) fibres that were not randomly distributed [11].  
The clinical relevance of the ILM is not fully understood. However, loss of structural 
boundaries between lamellae in scoliotic discs, which are more vulnerable to degeneration, 
along with evidence interpreting an increase of irregularity and interdigitating of lamellae 
structure with age, may show a correlation between the ILM disorganization and disc 
degeneration [12, 13]. Investigation of AF radial cohesion identified a complex hierarchy of 




lamellae connectivity [14]. Furthermore, based on studies of AF delamination, tears, patterns 
of herniation of the whole disc and lamellae peel strength, it is likely that the ILM plays a 
role in providing AF structural integrity [15-18]. Therefore, failure of the ILM may 
contribute to the initial stages of herniation and disc degeneration [19-21]. Knowledge of the 
structure-function relationship in the ILM is crucial in identifying the loading conditions that 
contribute to AF delamination or increased risk of disc herniation. Development of clinical 
strategies including tissue engineering scaffold fabrication and herniation treatment requires a 
greater understanding of the ILM mechanical and structural properties.   
In spite of recent progress identifying the ultrastructure of the ILM, there is limited 
knowledge on its mechanical role. The ILM shear strength has been found to increase with 
lamella thickness [22], and deform by up to 10 mm, having a mean (SD) peak shear strength 
of 0.03 (0.05) MPa during delamination [23]. Significantly different shear stress and strain 
distributions, with a trend of being greater in the lamella than across the ILM, were found in 
disc mechanical modelling when inter-lamellar connectivity was considered [24, 25]. Also 
higher strain was reported in the ILM compared to the intra-lamellar region in bovine discs 
[26]. 
In the radial direction, the ILM structural connectivity was discussed, yet the mechanical 
properties of the ILM in tension were not quantified [14, 19, 27]. Compared to the lamella, 
the stiffness of the outer lamellae interface (i.e. ILM) was higher than the inner AF, (ranging 
between 43% to 75%).[28]. This result was consistent with a study indicating that AF peel 
strength was approximately 30% higher in outer lamellae compared to the inner layers [17]. 
While microstructural-based studies revealed that the density of elastic fibres were higher in 
the ILM compared to the lamellae [7-9, 12, 29, 30], ultrastructural studies provided new 




dense network including thick (diameter of 1-2 µm) and thin (0.1 µm diameter) elastic fibres 
was seen in the ILM. This highly organised complex network was comprised of the majority 
of fibres oriented at ±45° to the circumferential lamellae, and having different size and shape 
fibres, compared to those in the intra-lamellar region [11].    
Studies on the ILM were categorized into qualitative structural-based research where no 
mechanical measurement were undertaken [2, 11, 14, 19, 21, 29, 32], or quantitative research 
where a number of lamellae were used with limited mechanical properties reported [17, 18, 
23, 28, 33]. While these studies have improved our knowledge of the possible mechanical 
role of the ILM, no studies have measured the viscoelastic and mechanical behaviour of the 
ILM under direct tensile and direct shear loading has not been studied, however peel tests, 
which would represent a more-tensile loading regime, have been performed.  
Studies of multiple and single lamellae have demonstrated that these tissues exhibit increased 
modulus and failure stress  with increasing strain rate, and a higher modulus in shear 
compared to tension [34] however no such studies have been conducted on the ILM. 
Therefore, the aim of this study was to measure the viscoelastic and failure properties of the 
ILM in both the tension and shear directions of loading. The following hypotheses were 
proposed: 
1. The stiffness of the ILM will be significantly larger at faster strain rates, and energy 
absorption significantly smaller, compared to slower strain rates. 
2. The viscoelastic and failure properties under tension and shear loading will not be 
significantly different.   
The first hypothesis was proposed due to the combination of elastic fibres and extracellular 




hypothesis is based on the dominant orientation of elastic fibres at ±45°, which suggests a 
similar mechanical role in both tension and circumferential directions of loading.  
2. Materials and methods: 
2.1. Sample preparation 
Sixteen Ovine spines (18-24 months old) were obtained from a local abattoir, and discs from 
lumbar FSUs (L4/L5) were dissected from vertebral bodies, sprayed with saline and stored at 
-20°C in cling wrap until used for sample preparation. While frozen, a 10 mm width of the 
anterior AF, with the depth to the nucleus pulposus region (~7mm disc height) was separated 
from each disc. Each AF tissue was moulded with optimal cutting temperature (OCT, Tissue-
Tek®, Sakura, Japan) compound to identify the transverse cutting plane. Samples from 
adjacent sections (approximate thickness 1 mm and width 10 mm) were sliced using a hand 
microtome (Figure 1a-c). Damaged samples or those having less than ten lamellae were 
excluded from the study. All adjacent samples were labelled and then divided into two groups 






Figure 1. Sample preparation. (a) Anterior AF segments of approximately 10 mm width,  were 
seperated from the outer AF to the nucleus pulposus, (b) frozen sections were then cut along the 
transverse plane (denoted by *), (c) transverse samples were sliced to approximately 1 mm 




which samples were prepared and tested. (d, e) samples of inter-lamellar matrix (ILM) and 
portions of two adjacent lamellae prepared for shear and tension tests, respectively. Sand paper 
was attached to the samples using superglue under microscope visualization (directions of 
applied load are identified by arrows). (f, g) schematic drawings of the samples from axial view 
to identify the size of the recruited adjacent lamellae compared to the ILM, where the width of 
the lamellae are greater than the ILM.  The mean (95%CI) cross-sectional area of all samples 
was 10.9 (1.7) mm
2
 as shown in (panel c). Axes R and C represent radial and circumferential 
directions, respectively, and dimension t and W indicate the specimen thickness and width, 
respectively. 
2.2. Mechanical testing 
To accomplish the ILM mechanical tests, a functional lamellae unit, which consisted of two 
adjacent lamellae and the ILM between them, was identified from prepared adjacent sections 
using a stereomicroscope (Motic, SMZ-168, China) (Figure 1d-e). The functional lamellae 
units were isolated from the middle of the AF (approximately 5-6 lamellae inwards) and was 
consistent for all samples.  Previous ultrastructural studies identified an approximate 30 µm 
width for the ILM. During specimen preparation the total width of the lamella-ILM-lamella 
complex was approximately 200 µm and careful attention was used to ensure that the ILM 
was located in the middle of the complex.  (Figure 1f -g).  This strategy for sample 
preparation was consistent among all samples. Sand paper (250 grit) was bonded above and 
below the sample, and on each edge using cyanoacrylate adhesive. The mechanical properties 
of samples were measured in tension (radial) and shear (circumferential) loading directions.  
Pilot failure mechanical tests for the ILM were performed at different strain magnitudes to 
identify the maximum strain (40%) used in this study, which was low enough (compared to 
the yield stress) to be non-destructive, yet high enough to include the linear region. The strain 




for the outer anterior radial AF displacement [35]. For every 1 mm of applied compressive 
displacement, the radial strain was 11%, as calculated between the two outermost anterior 
radial displacement vectors. In order to estimate the compressive displacement of the disc 
during physiological loading, an in-vivo nucleus pulposus pressure of 1.1 MPa that was 
measured during standing was used [36]. The equivalent axial compressive force [37]required 
to create the 1.1 MPa nucleus pressure was then calculated based on an average lumbar (L4-
5) disc area of 2011 mm
2
 [38], which yielded a compressive force of 1475 N. The resulting 
physiological compressive displacement was calculated to be 0.29 mm based on a 
compressive stiffness of normal discs of 5,141 N/mm taken from a loading frequency of 1 Hz 
[39]. Therefore, the radial strain for a compressive displacement of 0.29 mm was 3.2%. 
Using a sinusoidal physiological compressive loading frequency of 1 Hz, the peak outer 
anterior AF radial strain would be achieved in 0.5 s, which yields a strain rate of 6.4%/s. 
Based on this we chose a strain rate of 10 %/s, and then chose two other strain rates that were 
each an order of magnitude lower (1 %/s and 0.1 %/s). 
All samples were initially equilibrated in 0.15M phosphate buffered saline (PBS) at room 
temperature for 30 min and immersed in 0.15M PBS at 37°C during tests. Each sample was 
subjected to dynamic and failure tests using a micromechanical testing machine (BioTester, 
CellScale, Waterloo, ON ,Canada) having a load cell capacity of 23 N. Prior to each test, a 
100 mN preload was applied. Three cycles of dynamic loading using a triangle waveform 





 (medium) and 10%s
-1
 (fast) under displacement control, followed by a 5 min 
unloaded recovery period between each rate. Preload and recovery were used to minimise 
creep between tests. Data frequency acquisition was set to 1, 10 and 100 Hz for slow, 
medium and fast strain rates, respectively. Finally, a ramp test to failure was performed at a 
strain rate of 10%s
-1




2.3. Data and statistical analysis 
Engineering stress and strain were calculated from the final cycle of the dynamic tests (Figure 
2), and the failure test using custom-written MATLAB scripts (R2014b, The Mathworks 
Inc.). Outcome measures of phase angle, extensibility and modulus (toe, linear, average 
during entire load-unload cycle (average) and average during loading only (average loading)), 
were calculated from the dynamic tests, followed by the failure test parameters of failure 
stress and strain, and toughness. Failure stress was defined as the peak stress recorded during 
the test, and the corresponding strain was defined as the failure strain. All modulus measures 
were calculated as the slope of the best-fit line using linear regression. Toe modulus 
represented the initial region of the loading curve where the elastic fiber network in the ILM 
was uncoiling, and linear modulus represented the region where the majority of fibers in the 
ILM were fully recruited. Extensibility was calculated as the strain at the intersection of the 
toe and linear stiffness lines [40]. The average loading modulus represented the entire loading 
curve, and average modulus represented the entire load-unload curve. The phase angle, which 
is a measure of energy absorption, was calculated using a cross spectral density estimate 






Figure 2- Identification of mechanical parameters including final cycle of data, 
extensibility, toe, linear, average loading and average moduli  
 
For statistical analysis all data were assessed for normality using the Shapiro-Wilk test. For 
the dynamic test outcome parameters, separate repeated measures ANOVA were conducted 
(IBM SPSS Statistics for Windows, Version 22.0. Armonk, NY: IBM Corp.) for each 
variable of phase angle, extensibility, toe modulus, linear modulus and average modulus 





 (medium) and 10%s
-1
 (fast)) using an alpha of 0.05, with post-hoc 
multiple comparisons conducted using a Bonferroni adjustment on alpha. Statistical 
differences for ILM failure properties of failure stress, strain and toughness between tension 





There was no indication of sample slippage during mechanical testing as identified from 
observation of the recorded video of each tests, and from the testing curves (Figure 3). 
Videos showing the failure of two different samples in tension and shear can be viewed in the 
supplementary information. The mean (95% CI) gripper to gripper distance was 1.172 
(0.074) mm. The dimensions of the samples were approximately a thickness of 1 mm, a width 
of 10.9 (1.7) mm. When tested to failure, all samples failed at the ILM site. According to the 
Shapiro-Wilk test, it was found that the data for all specimens were normally distributed (p > 





Figure 3- The viscoelastic properties (final loading cycle) of the ILM for the same 






















































 (fast) in (a) radial (tension) and for a second sample tested in (b) circumferential 
(shear) . 
Statistical analysis for phase angle, extensibility, average modulus, toe modulus, linear 
modulus, and average loading modulus are reported as follows: 
Phase angle 
The overall effect of strain rate was significant (p < 0.001, Table 1), with post-hoc 
comparisons revealing a significantly larger phase angle at slow compared to the medium and 
fast strain rates (p < 0.001, Figure 4a). The overall effect of loading direction (tension vs. 
shear) and the interaction between strain rate and loading direction was not significant (p = 
0.226 and p = 0.545 respectively).  
Extensibility 
No significant overall effects were found for strain rate (p = 0.631), or loading direction (p = 
0.574) for extensibility, nor their interactions (p = 0.442), (Table 1, Figure 4b).  
Average modulus 
The overall effects of strain rate (p = 0.173) and loading direction (p = 0.110) for average 
modulus, was not significant, nor their interactions (p = 0.417), (Table 1, Figure 4c). 
Average loading modulus 
The overall effect of strain rate was significant for average loading modulus (p = 0.017, Table 
1), with post-hoc comparisons revealing that the slow strain rate was significantly smaller 
compared to fast (p = 0.05, Figure 4d).  No significant difference was found between slow 
and medium (p = 0.191) as well as between fast and medium (p = 0.069) strain rates. A trend 




loading modulus (p = 0.051). No significant interactions between strain rate and loading 
direction were found (p = 0.797). 
Toe modulus 
The overall effect of strain rate was significant for toe modulus (p = 0.005, Table 1), with 
post-hoc comparisons revealing a significantly larger toe modulus for the fast strain rate 
compared to medium (p = 0.019, Figure 4e) and slow (p = 0.035). No significant difference 
for toe modulus was found between slow and medium strain rates (p = 0.098).  Also the 
overall effect of loading direction was significant for toe modulus (p = 0.046), with post-hoc 
comparisons revealing that toe modulus was significantly smaller in shear compared to 
tension (p =0.046). No significant interaction was found between strain rate and loading 
direction (p = 0.779). 
Linear modulus 
The overall effect of strain rate was not significant for linear modulus (p = 0.061, Table 1). 
The overall effect of loading direction was significant (p = 0.009) for linear modulus, with 
post-hoc comparisons revealing that the tension group was significantly larger than the shear 
group (p = 0.004).  No significant interactions were found between strain rate and loading 













 (medium) and 10%s
-1
 (fast), during tension and shear 
loading (a) Phase angle, (b) Extensibility, (c) Average modulus, (d) Average loading 
modulus, (e) Toe modulus and (f) Linear modulus. * denotes significant differences 
between groups. 
Failure tests     
Loading direction (tension and shear) was not significant for failure stress (p = 0.674), failure 
strain (p = 0.341) and toughness (p = 0.366) (Figure 5). The mean (95%CI) ILM toughness 




in tension and shear directions, respectively, which was 














































Figure 5- Comparison of mean (95%CI) (a) Failure stress and (b) Failure strain of the 
ILM in tension and shear loading directions. (c) Example stress-strain failure curves 
during shear and tension loading of the ILM in adjacent samples from the same disc.  
 
Table 1. Summary of ANOVA results for the overall effects of strain rate (slow vs. 
medium vs. fast) and loading direction (tension vs. shear) and their interactions for each 
of the micro-mechanical test parameters. The * symbol and NSD were used to indicate 
significant and no significant difference, respectively.  
Parameter Strain rate Loading direction Interactions 
Phase Angle (°) *(p < 0.001) NSD (p = 0.226) NSD (p = 0.545) 
Extensibility (%) NSD (p = 0.631) NSD (p = 0.574) NSD (p = 0.442) 
Average Modulus (kPa) NSD (p = 0.173)  NSD (p = 0.110) NSD (p = 0.417) 
Average Loading Modulus (kPa) *(p = 0.017) NSD (p = 0.051) NSD (p = 0.797) 
Toe Modulus (kPa) *(p = 0.005) *(p = 0.046) NSD (p = 0.779) 
Linear Modulus (kPa) NSD (p = 0.061) *(p = 0.009) NSD (p = 0.681) 
 
4- Discussion 
Understanding the mechanical function of the ILM is an important step towards developing 





















improved strategies for tissue engineering and repair. The aim of this study was to measure, 
for the first time, the viscoelastic and failure material properties of the ILM under tension and 
shear loading. The findings from this study confirmed both of our hypotheses that the 
stiffness of the ILM was significantly larger at faster strain rates, and energy absorption 
significantly smaller, compared to slower strain rates, and the viscoelastic and failure 
properties were not significantly different under tension and shear loading. We found a strain 
rate dependent response of the ILM during dynamic loading, particularly at the fastest rate. 
The ILM demonstrated a significantly higher capability for energy absorption, as measured 
by phase angle, at slow strain rates compared to medium and fast strain rates. A significant 
increase in modulus was found in both loading directions and all strain rates, having a trend 
of larger modulus in tension and at faster strain rates. It was revealed that average loading 
modulus in tension was marginally non-significant compared to shear (p = 0.051), while it 
seems with increasing the number of specimens it become significant. The overall interaction 
between loading direction and strain rate was not significant for all viscoelastic parameters. 
When tested to failure, there were no significant differences in failure stress, strain and 
toughness between ILM tensile and shear loading directions.  
The recorded videos during the failure and viscoelastic tests in different directions of loading 
(supplementary files) provide additional detail of where and how the lamella-ILM-lamella 
complex fails. Also, the images at different time points during tension (Figure 6) and shear 
(Figure 7) tests provide more information for the role of the ILM in the AF during loading in 
different directions. Time was presented on the abscissa instead of strain, to allow for a direct 
comparison to the videos in the supplementary files. While it was not possible, at this 
magnification, to observe the likely sub-failure of the samples that occurred in both directions 
of loading after 2 s (Figures 6b and 7b) to the peak stress (denoted by c), the failure was more 




after the linear region to the peak stress (point b to c), which were seen to be less that those 
after initiation of failure and its propagation (point c to e), may represent the changes in 
ultrastructural organization of the elastic fibers in the ILM, which may arise from   the 
expansion of the elastic fiber network, rotation of fibers, separation between ECM and elastic 
fiber network and the failure of the thin elastic fibers. The observed fluctuations after 
initiation of failure (Figure 6c, 7c) to the point of separation of the lamellae (Figure 6e, 7e) 
may represent the failure of the thick elastic fibers in the ILM.     
 
Figure 6 - Change in stress during the performance of mechanical failure for the ILM in 
tension. (a, b and c) represent rest point, yield stress and maximum stress, respectively 
and (d, e) indicate the ILM disruption and separation, respectively. The correspondence 
images show the change in the appearance of the samples during mechanical failure test 
at different time points (seconds) as indicated in the graph. (f) Represents the sample 
after stretched to 40% of its initial length. Arrows indicate the approximate location of 
the ILM in the middle of lamella-ILM-lamella complex (a, b) and initiation (c), 








Figure 7 - The stress-time curve during the performance of mechanical failure for the 
ILM in shear. (a, b and c) represent rest point, yield stress and maximum stress, 
respectively and (d, e) indicate the ILM disruption and separation, respectively. The 
correspondence images show the change in the appearance of the samples during 
mechanical failure test at different time points (seconds) as indicated in the graph. (f) 
Represents the sample after stretched to 40% of its initial length. Arrows indicate the 
approximate location of the ILM in the middle of lamella-ILM-lamella complex (a, b) 
and initiation (c), propagation (d) of the failure as well as (e) the lamella separation.    
 
Failure of the lamella-ILM-lamella complex more likely occurred at the ILM site, where the 
looser network of elastic fibers was present compared to the lamella having dense and highly 




ultrastructure, suggests a role that is adapted to support 6 degree of freedom deformation of 
the AF, and absorb more energy than the lamellae. 
 Our ultrastructural studies of the elastic fiber network in the ILM revealed that the dominant 
elastic fiber orientation, relative to the circumferential (lamellae) direction, was near 0°, with 
two symmetrical peaks of approximately ±45°, indicating the presence of an orthotropic 
structure [11]. This structure likely explains why a lower modulus (toe, linear and average) 
was found in shear compared to tension, where only those fibers oriented in the direction of 
applied shear would be recruited. We identified the presence of both thick and thin elastic 
fibers, with the thicker fibers aligned parallel to the lamellae [11, 31]. It may be that in shear, 
the thicker fibers experienced the highest stresses and failed first, as observed by the abrupt 
decrease in stress (Figures 5c, 6 and 7), followed by the thinner fibers taking up the stress and 
progressively failing. In tension, the network of “crossing” fibers (±45°) were likely all 
recruited, after which they failed sequentially, resulting in a less abrupt decrease in stress. 
Based on protein-proteoglycan interactions, supramolecular assemblies (elastic fibers, 
collagen fibrils) are formed and a structural scaffold is provided by ECM. The mechanical 
entanglement and binding of this structural scaffold with elastic fibers in the ILM, provides a 
structurally stable composite, contributing to the mechanical properties of the ILM, which 
likely to plays an important role in imparting isotropic failure properties [41]. 
Unfortunately, few studies have been undertaken to identify the role of the ILM on 
mechanical properties of the AF. The observations implying that the ILM was mainly 
composed of elastic fibres [2, 9, 10, 29], having an  overall low density relative to collagen 
fibres [42], may address why such studies are lacking. Therefore, comparisons to other 
studies is limited. The findings of this study strongly support the previous reports that 
suggested a biomechanical role for the ILM based on the observation of alignment of 




arrangement of the elastic fiber network [11]. Only one study has reported human ILM 
failure strength as a peel strength of 18.4 kPa in the anterior region of degenerated discs 
(grade 3, [17]), which is an order of magnitude lower than our non-degenerated ovine disc 
with a mean (95%CI) tension strength of 287 (58) kPa. In addition, the mean (SD) peel 
strength (normalized to the sample width) of the rabbit ILM was reported to be 0.88 (0.26) 
N/mm that can compared to the peak tension force (normalized by width) in our study 
measured as mean (SD) 0.28 (0.093) N/mm. The peak load for delamination of the AF 
measured by a lap test using porcine cervical discs was reported to be mean (SD) 0.3 (0.02) 
N/mm, compared to our normalized ovine shear maximum force of 0.396 (0.22) N/mm at the 
anterior region [18, 23]. From another point of view, based on the results of this study we are 
able to compare the mechanical properties of the ILM to those of the lamellae. The AF 
lamella shear failure strength (strain rate: 2 %s
-1
) was reported as 1.03 ± 0.85 MPa in porcine 
cervical discs [44], and our measurement showed that the ILM tensile and shear failure 
strengths were 0.29 (0.58) MPa and 0.30 (0.46) MPa, respectively (Figure 5a). These 
comparisons indicate that ILM material properties are comparable to that of the lamellae, 
which presents evidence in support of the key role of the ILM on mechanical properties of the 
AF in the disc.   
Calculating strain using gripper-to-gripper distance, instead of utilizing a non-contact 
method, presents a limitation, however since there was no evidence of sample slippage, the 
measured strain is representative of global tissue strain. While it is un-likely that the strain is 
constant across the ILM, the calculation of the ILM strain may be affected by the presence of 
adjacent lamellae and therefore represents the global strain across the ILM and ILM-lamella 
boundary. However, our studies have found that ILM has a significantly lower failure stress 
compared to the adjacent lamellae, indicate that the ILM is weaker (unpublished data). From 




while elastic fibers are a looser network within the ILM. Another limitation of this study was 
the use of an ovine model. There is strong evidence that supports the use of an ovine model 
based on its structural and biochemical similarities to the human disc [19-21, 28, 45-50]; 
however, using human samples would be more clinically relevant. While it is likely that the 
mechanical properties of the ILM in tension and shear directions of loading are not the same 
in different regions of the disc, the use of only the anterior region was a limitation of this 
study. The preparation of adjacent samples from other regions in ovine discs was difficult due 
to the small disc height; however, different regions could readily be isolated in human discs. 
Also we acknowledge that using isolated ILM samples, despite its preparation being 
challenging, was important for minimizing the lamellae contribution to mechanical 
properties. 
5. Conclusion 
This study identified the mechanical contribution of the ILM to the structural integrity of the 
AF, in both tension and shear directions of loading. The strain rate dependent response of the 
ILM during dynamic loading and its significantly higher capability for energy absorption at 
slow strain rates in both directions of loading, confirmed its viscoelastic behavior. More 
importantly, the finding of no significant difference in failure properties in both loading 
directions, was consistent with our previous ultra-structural studies that revealed a well-
organized (±45°) elastic fibre orientation in the ILM. The results from this study can be used 
to develop and validating finite element models of the AF at the tissue scale, as well as 
providing new strategies for fabricating tissue engineered scaffolds. This research will serve 
as a foundation for future studies on the relationship between degeneration and ILM 
mechanical properties, as well as understanding the contribution of the elastic fibre network 
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